INTRODUCTION
of C. septempunctata (120♂ and 120♀ per age group) and C. trans versalis (120♂ and 120♀ per age group) were used in following experiments. These age categories were selected based on the fact that even when supplied with an abundance of food the fecundity and egg viability of adults 10-15 days, 30-40 days and 45-55 days post-eclosion differed. Also, beyond the age of 55 days, reproduction ceases in both these species (Bista & Omkar, 2013 , 2014 .
To determine the effect of age on mate choice, young females of C. septempunctata and C. transversalis were each provided with males of three different age groups (young, middle aged and old) in a Petri dish (9.0 × 1.5 cm 2 ), which were then observed for 30 min and the male with which the female mated recorded. The mating pair was placed in another Petri dish and the other two males discarded. The same experiment was replicated 10 times per ladybird species.
Similar experiments were conducted using middle aged and old females, each of which was also replicated 10 times per ladybird species. Similar experiments were also done using males (either young, middle aged or old) simultaneously provided with three differently aged females (young, middle aged and old). The experiments were carried out under the same abiotic conditions as the stock culture. This resulted in nine treatments (Table 1) .
(ii) Effect of mate choice on mating behaviour
In a normal mating sequence, males of C. septempunctata initiate a series of vertical thrusting movements with their abdomen soon after genital contact with the female. These are followed by wriggling movements (a gentle forward and backward movement of the abdomen with a simultaneous side-to-side component) and then a series of bouts of shaking (rapid lateral oscillations of the abdomen) between which they remain stationary. Thrusting and wriggling movements were observed only during the initial stages of mating. The mating behaviour of C. transversalis was similar, but did not involve thrusting (Michaud et al., 2013;  Table 2 ).
The latent period, number of thrusts, duration of the wriggling movements, number of bouts, interval between successive bouts India (Kumar et al., 2014) , they were chosen for the present study.
As the studies on age-specific mating incidences in ladybirds (see Srivastava & Omkar, 2004; Omkar & Pervez, 2005; Omkar et al., 2010; Omkar & Singh, 2010) indicate that middleaged mates have the highest fecundity and egg viability, and their offspring develop fastest; we hypothesized that: (i) under choice-test conditions, middle aged males / females would prefer middle aged partners rather than young and old partners, and (ii) middle aged partners would be more likely to mate, and their reproductive attributes and the development and survival of their offspring would be better than that of young and old partners.
This study also aimed to assess: (i) the direct effect of male and/or female age on mating behaviour, reproduction and progeny fitness, and (ii) the indirect effect of individual mating behaviour (if any) on reproduction and progeny fitness (after correcting for the effect of male and female age).
MATERIAL AND METHODS

Establishment of stock
Adults of C. septempunctata (n = 40; 20♂ and 20♀) and C. trans versalis (n = 40; 20♂ and 20♀) were collected from agricultural fields adjoining Lucknow city (26°50´N, 80°54´E) and used to establish a laboratory stock culture, which was kept in an environmental test chamber (CH-6S, Remi Instruments, Mumbai, India) maintained at 27 ± 1°C, 65 ± 5% RH and a 14L: 10D photoperiod. Ad libitum quantities of the aphid, Aphis craccivora Koch infesting the stems of cowpea (Vigna unguiculata L.) plants maintained in glasshouse (23 ± 1°C; 65 ± 5% RH and 14L: 10D photoperiod) were fed to the ladybirds, which were reared for three successive generations to acclimatize them to the laboratory conditions. In the first two generations, 06 ladybirds collected from fields were added per generation to the established stock culture in order to prevent inbreeding.
Males and females of the third generation were sexed and paired in Petri dishes (9.0 × 1.5 cm 2 ). The eggs were collected daily and egg hatch recorded. The larvae were reared in plastic beakers (15.0 × 12.0 cm 2 ; height × diameter), which were replenished daily with a bean twig infested with an ad libitum supply of A. craccivora. The newly emerged adults were isolated and placed individually in Petri dishes for use in the experiments described below.
Experimental design
(i) Effect of age on mate choice Unmated male and female adults of different ages (young: 10-15 days post-eclosion, middle aged: 30-40 days, and old: 45-55 days) Table 1 . The ages of the females and males mated in the nine different treatments used in the present study.
Treatment
Mating pair 1  Young female × Young male  2  Young female × Middle aged male  3  Young female × Old male  4  Middle aged female × Young male  5  Middle aged female × Middle aged male  6 Middle aged female × Old male 7
Old female × Young male 8
Old female × Middle aged male 9
Old female × Old male Every 24 h, the males and females used in the above nine treatments per ladybird species [experiment (ii)] were allowed to mate for 2 h after which they were separated and reared individually in Petri dishes (size as above) and provided daily with an ad libitum supply of A. craccivora. Daily oviposition and egg hatching were recorded for the next 20 days.
(iv) Effect of mate choice on the development and survival of their offspring
The eggs of C. septempunctata and C. transversalis were randomly collected from each of above treatments [experiment (iii)] and their hatching recorded at 27°C. One hundred newly emerged larvae from each treatment (totaling 900 larvae) were reared in beakers (15.0 × 12.0 cm; height × diameter; 10 larvae per beaker), which were replenished daily with bean twigs infested with an ad libitum supply of A. craccivora. The time of moulting of the larvae was recorded. Number surviving each moult and the duration of each larval instar was recorded. Observations were made every 24 h and the survival and durations of the different stages recorded. The total developmental period, percentage of larvae that pupated and percentage adult emergence were calculated.
Statistical analysis
All data were checked for normal distribution using Bartlett's test for normality and percentage data were subjected to arcsine square root transformation prior to analysis. The percentages of mating incidences in the different age combinations were analyzed using chi-square (χ 2 ) tests. The dependent factors, mating behavioural attributes (latent period, number of thrusts, duration of wriggling movements, number of bouts, interval between successive bouts and total duration of mating), reproduction (fecundity and egg viability) and immature development and survival, were subjected to one way ANOVA, followed by Tukey's post hoc comparison of means, with age of males and females as independent factors.
In addition, the reproduction and progeny attributes (dependent factors) were individually subjected to an analysis of covariance (ANCOVA), followed by Tukey's post hoc comparison of means, with each mating behavioural attribute of the mating partners treated as independent factors and the age of the males and females as covariates (to nullify the confounding effect of age). Dependent factors were further regressed against the individual mating behavioural attributes. This was done to assess the indirect effect of mating behaviour on reproduction and progeny attributes. All analyses were done using statistical software MINITAB 16 (Minitab Inc., State College, Pennsylvania, USA).
RESULTS (i) Effect of age on mate choice
The mate choice based on percentage mating revealed that young females of C. septempunctata (χ 2 = 11.55; P < 0.01) and C. transversalis (χ 2 = 9.50; P < 0.01) preferred middle aged males as mates over young and old males. Similarly, middle aged females preferred middle aged males as mates (C. sep tempunctata: χ 2 = 20.66; P < 0.01; C. transversalis: χ 2 = 17.55;
Old females did not show a significant preference for males of a particular age, mating with the first male they encountered (Table 3) . In both species, young males preferred middle aged females as mates over young and old females (C. septempunctata: χ 2 = 9.55; P < 0.01; C. transversalis: χ 2 = 6.88; P < 0.05). Similarly, middle aged males showed a significant preference for middle aged females (C. septempunctata: χ 2 = 16.88; P < 0.01; C. transversalis: χ 2 = 13.55; P < 0.01). However, old males did not show a significant preference for mating with females of a particular age, mating with the first female they encountered. This study, therefore, indicates that middle aged females and males are the preferred mates (Table 3) .
(ii) Effect of the ages of the mating pair on their mating behaviour
In both C. septempunctata and C. transversalis the latent period, number of thrusts (recorded only for C. septempunc tata), duration of wriggling movements, number of bouts, interval between successive bouts and total duration of mating, did not vary significantly with the age of the female partner. However, the mating behaviour of male partners was significantly associated with their age. Tukey's post hoc comparison of means revealed that the numbers of thrusts recorded for males of different ages of C. septempunctata in the different mating treatments did not differ significantly (F = 1.56; P > 0.05). However, for males of different ages, the latent periods (C. septempunctata: F = 3.83; P < 0.01; C. transversalis: F = 5.73; P < 0.01), duration of wriggling movements (C. septem punctata: F = 12.87; P < 0.01; C. transversalis: F = 13.40; P < 0.01), number of bouts (C. septempunctata: F = 17.46; P < 0.01; C. transversalis: F = 19.01; P < 0.01), interval between successive bouts (C. septempunctata: F = 13.38; P < 0.01; C. Table 3 . Age based mate choice by adults of C. septempuncta ta and C. transversalis (d.f. = 2; * and ** denote F-values significant at P < 0.05 and P < 0.01, respectively; NS denotes χ 2 -values that are not significant, P > 0.05).
C. septempunctata
Mate age
Young transversalis: F = 12.74; P < 0.01) and total duration of mating (C. septempunctata: F = 14.79; P < 0.01; C. transversalis: F = 16.21; P < 0.01) in both species differed significantly in the different mating treatments (Table 3) . Comparison of means for both species revealed that the latent periods and intervals between successive bouts were shortest, numbers of bouts greatest, and duration of wriggling movements and total duration of mating longest for middle aged males, followed by young and old males (Table 4) .
(iii) Effect of the ages of the mating pair on reproduction In both C. septempunctata and C. transversalis, fecundity (C. septempunctata: F = 22.69; P < 0.01; C. transver salis: F = 36.7; P < 0.01) and egg viability (C. septempunc tata: F = 14.91; P < 0.01; C. transversalis: F = 14.78; P < 0.01) differed significantly with the age of female and male partners, respectively. Fecundity and egg viability were highest for middle aged females and males; and lowest for old females and males, respectively (Table 5) .
In addition to the significant influence of female and male age on fecundity and egg viability, respectively, analysis of covariance revealed a significant influence of certain mating behavioural attributes on reproduction in both species, with a significant association between latent period and fecundity in both C. septempunctata and C. trans versalis, but no clear trend in these two parameters (Figs 1  and 2) . ANCOVA further revealed a significant association between the duration of wriggling movements, number of bouts, interval between successive bouts and total duration of mating and egg viability in both ladybirds. Egg viability increased with increase in the duration of wriggling movements and number of bouts in both species, and decreased with increase in the interval between successive bouts in C. transversalis. However, there was no clear association between egg viability and total duration of mating in either species; and between egg viability and the interval between successive bouts in C. septempunctata (Tables 5-6; Figs 1 and 2).
(iv) Effect of the ages of the mating pair on the immature development and survival of their offspring
In both species, percentage pupation (C. septempunc tata: F = 14.17; P < 0.01; C. transversalis: F = 10.01; P < 0.01), percentage adult emergence (C. septempunctata: F = 12.79; P < 0.01; C. transversalis: F = 13.62; P < 0.01) Table 4 . Effect of mate age on the mating behaviour of C. septempunctata and C. transversalis (values are mean ± S.E.; df = 22, 89; * and ** denote F-values significant at P < 0.05 and P < 0.01, respectively; NS denotes F-values that are not significant at P > 0.05; lower case letters are for comparison of means for males of different ages mating with females of a particular age). and total duration of development (C. septempunctata: F = 13.77; P < 0.01; C. transversalis: F = 19.43; P < 0.01) of the immature stages depended significantly on the age of the female, but not of the male. Percentage pupation and percentage adult emergence were highest and the total duration of development of immature stages shortest for middle aged females, whereas fewer of the progeny of old females survived and took much longer to complete their development (Table 5) . ANCOVA further revealed a significant association between the latent period and percentage adult emergence in both species, but no clear trend between percentage adult emergence and latent period (Tables 5-6; Figs 1 and 2).
DISCUSSION
In both C. septempunctata and C. transversalis the age of the adults affected their choice of mates, fecundity and the development and survival of their progeny. Results revealed that middle aged males were the preferred mates of young, middle aged and old females of both species. Similarly, males of all ages preferred middle aged females, probably because such a choice increases their fitness. Moreover, old mates were avoided by both males and females. A decline in mating and fertilization success beyond a certain age was recorded in the present study and is reported for a wide range of insects (Price & Hansen, 1998; Jones et al., 2000; Kidd et al., 2001 ; Bonduriansky & Brassil, 2002; Beck & Promislow, 2007; Omkar et al., 2010) . In contrast, there are studies that report a high female preference for old males (Proulx et al., 2002; Avent et al., 2008) .
How adults perceive a potential partner's age is not known in ladybirds, but visual cues do not seem to play a role. Perhaps a pheromone(s) is accumulated inside the body and then secreted, which helps both sexes to perceive a potential partner's age. Probably middle aged males and females produce and secrete higher concentrations of the pheromone(s) that act as chemical cues for the opposite sex and helps them determine the age of potential partners. However, in young and old adults, probably the production of the pheromone(s) is either very low or has ceased and as a consequence they are less preferred as potential mates. The early production of sex pheromones and their role in regulating courtship behaviour has been studied in Drosophila melanogaster (Moulin et al., 2004) .
Females that prefer and mate with middle-aged males probably benefit by an increase in fecundity and egg viability, and/ or faster development of their offspring compared with those that mate with old males. Moreover, the trade-off model proposed by Beck et al. (2002) suggests that females should prefer to mate with middle aged males as their reproductive attributes are greater than those of old males. In contrast, some empirical evidence indicates that young males are of higher quality than middle aged and/or old males (Price & Hansen, 1998; Pervez et al., 2004) . However, female preference for old males has been ascribed to a positive correlation between male age and values of sexually selected traits (Hansen & Price, 1995) . Thus, female preference for old males does not necessarily support the idea that it evolved due to "good genes" (Hansen & Price, 1995) .
Similarly, young and middle aged males preferred to mate with middle aged females. Although, it might be more advantageous for a male to mate with a young female because: (i) she has a longer oviposition period than middle aged /old females, and could thus potentially keep using sperm for longer and (ii) even if a middle-aged female offered benefits in the short term, owing to an immediate higher fecundity or reduced sperm competition (Bonduriansky, 2001) , it is possible that her potential longer life is the most important. However, the greater preference of males for middle aged females is probably because it results in their producing higher quality rather than a greater number of offspring.
The preference of mates also affected their reproductive behaviour. The duration of wriggling movements, numbers of bouts and duration of mating were longest and the latent periods and bout intervals shortest when middle aged males were the mates. The reverse was true for old males. This probably indicates that: (a) they ejaculate more sperm (Bonduriansky, 2001) , and (b) guard mates in order to avoid sperm competition (Parker, 1974) . The increased transfer of seminal fluid may be attributed to: (a) preferential transfer, and /or (b) the preferred males have more sperm (Ueno, 1994) . Both young and old males probably ejaculate significantly lower quality and less sperm than middle aged males , which is possibly associated with their mating for a shorter time with fewer wriggling movements and bouts. Thus, the more prolonged mating by middle aged males may result in the ejaculation of a greater quantity of sperm into the spermathecae of females, which can fertilize the ova when males are not available and may result in increased lifetime viability (Pervez et al., 2004) .
In the present study, fecundity was significantly associated with female age and egg viability with male age. Fecundity and egg viability were highest for middle aged females and males and lowest for old females and males, respectively. The greater fecundity and egg viability of middle aged females and males may be ascribed to the availability of a greater number of mature ova and better quality sperm (Obata, 1988) . Similar Table 5 . Effect of mate age on the reproductive attributes, and immature development and survival of their offspring for C. septem punctata and C. transversalis (d.f. = 22, 89; values are mean ± S.E.; values followed by different lower case letters are significantly different; * and ** denote F-values significant at P < 0.05 and P < 0.01, respectively; NS denotes F-values that are not significant at P > 0.05; lower case letters are for the comparison of the means for males of different ages mating with females of a particular age). (Mishra & Omkar, 2004; Pervez et al., 2004; Pandey & Omkar, 2013) . However, the females that mate at a young age start ovipositing later probably because their immature gonads take some time to mature (Hemptinne et al., 2001) . The decline in fecundity and egg viability with age is indicative of ladybird senescence (Srivastava & Omkar, 2004) , which results in the deterioration of their reproductive organs in old age (Dixon & Agarwala, 2002; Srivastava & Omkar, 2004) . Age-related decline in sperm quantity and viability has been attributed to general senescence or accumulation of germ line mutations in old individuals (Kidd et al., 2001; Szczesny et al., 2003) . Old age or delayed mating resulted in reduced reproductive potential, as is also reported in female cockroaches (Moore & Moore, 2001) , hide beetles, Dermestes maculatus DeGeer , the oriental beetle, Anomala orientalis Waterhouse (Wenninger & Averill, 2006) and the bean weevil, Acanthoscelides obtectus Say (Maklakov et al., 2007) . Percentage pupation and adult emergence were highest and the developmental time of their offspring shortest for middle aged females of C. septempunctata and C. transversalis. The shorter total developmental periods for the offspring of middle aged females are similar to those reported by Fox (1993) and Fox et al. (2003) for the seed beetle, Callosobruchus macu latus (F.). The opposite was recorded for the offspring of old parents. This is probably due to the increased incidence of mutations in old parents, as suggested by various ageing theories (Medawar, 1952; Hamilton, 1966; Partridge & Barton, 1993; Pletcher & Curstinger, 1998) . The prolonged development of the offspring of old parents is similar to that recorded for Drosophila melanogaster (Mills & Goldstein, 1985) , stink bugs, Podisus nigrispinous (Dallas) and Podisus maculiventris (Say) (Mohaghegh et al., 1998) and the cockroach, Nauphoeta cinerea (Olivier) (Moore & Harris, 2003) .
Mating
The significant associations of: (i) the latent period with fecundity, (ii) duration of wriggling movements, number of bouts, interval between successive bouts and total duration of mating with egg viability, and (iii) latent period with percentage adult emergence, indicate that the reproductive and progeny attributes are a function of the age of the mates and their sexual activity. Middle aged females may have a higher number of ova to mature, while middle aged males may transfer better quality and more sperm, which probably enhances their reproductive and progeny attributes.
In brief, (i) middle aged mates of both species were preferred by young, middle aged and old adults; (ii) mating behaviour and egg viability were significantly associated with male age; while female age was significantly associated with fecundity and the duration of development and survival of their offspring; (iii) shortest latent periods and bout intervals, highest numbers of bouts, longest duration of wriggling movements and mating, and maximum egg viability were recorded for middle aged males; while the fecundity, percentage pupation and adult emergence were highest and duration of immature development shortest for middle aged females. Thus, the results of the present study indicate that for the fast production of these species in the laboratory for use in the augmentative biocontrol of aphids it would be best to use middle aged individuals of C. sep tempunctata and C. transversalis. Table 6 . Effect of mating behaviour on the reproductive attributes, and the immature development and survival of their offspring for C. septempunctata and C. transversalis considering female and male age as covariates (* and ** denote F-values that are significant at P < 0.05 and P < 0.01, respectively; NS denotes F-values that are not significant at P > 0.05; LP, S, WMD, NB, I and MD represent latent period, number of thrusts, duration of wriggling movements, number of bouts, interval and duration of mating, respectively). 
